In the first paper of this series (31) , five Escherichia coli bacteriophages (capsule or K phages) were described that are adsorbed to and lyse some capsular strains but not the acapsular mutants thereof. All host strains used were serological test strains for different E. coli K antigens (18) , and their capsules consist of acidic polysaccharides, some of which have been analyzed in detail (23; Table 6 ); as seen in India ink preparations ( Fig. 1) , the capsules are, depending very much on medium and incubation time, about 0.4 gm thick. Because of the comparatively simple chemical structure of the bacterial surface layer K phages primarily have to recognize and because of the ease with which these receptors, the capsular polysaccharides, can be obtained in pure form (12, 15) , the K phage-host systems were considered convenient models for studying the chemical basis of phage adsorption specificity.
In the following, we report the characterization of additional 10 capsule phages and the morphology of these viruses as seen in the electron microscope. The aim was to select bacteriophages with an unsophisticated tail structure to facilitate a chemical and genetical analysis of its subunits. Phages of Bradley group D (7) were not detected, but most K phages proved to belong to group C carrying "spikes" only, probably linked directly to the head (or occasionally through a visible base plate). These spikes can thus be expected to possess the "complementary sites" specific for interaction with the capsular polysaccharides. Recently (S. Stirm et al., Virology, in press), a method for the isolation of spike-formed particles from K-phage lysates has been developed.
MATERIALS AND METHODS
Many of the techniques used were those described by M. Adams (2) and F. Kauffmann (18) with some additional details given in the first paper of this series (31) .
Media. Merck standard nutrient broth I (Merck no. 7882) was used as a liquid medium and the D1.5 agar of S. Schlecht and 0. Westphal (29) was used for plates.
Phage lysates for electron microscopy were prepared in the following dialyzable liquid medium (P medium): 25 g of glucose (in 1,000 ml of water), 6 .25 g of Casamino Acids (Difco B230), 0.4 g of L-tryptophan, 0.3 g of L-cysteine, 2.5 g of KH2PO4, 15.6 g of Na2HPO4 X 12 H20, 1.3 g of NH4Cl, 0.01 g of gelatin (in 1,000 ml), 5.0 g of MgSO4 X 7 H20, 0.01 g of FeSO4 (in 100 ml), and 0.5 g of CaCl2 (in 10 ml) were sterilized separately, mixed in volume proportions of 20-80-1-0.1 before use, and adjusted to pH 7.2.
Bacterial strains. All host strains used were test strains for different E. coli (and one Klebsiella) K antigens as used at the World Health Organization International Escherichia Centre, Statens Seruminstitut, Copenhagen. The strains were obtained from I. and F. 0rskov. Their designation, serotype, and origin are listed in Table 1 . The strains were frequently checked by slide agglutination with the homologous OK sera and for 0 inagglutinability (18) with 0 sera. The 0 sera were obtained with boiled cultures of E. coli Pus3432/41 (see Table 1 and sterilized with chloroform. The "enrichment suspension" thus obtained was tested for K phages and these, if present, were isolated as described previously (31) . More often, however, it was found to contain viruses plating equally well on capsular (K+) and acapsular (K-) bacteria. In these cases, an attempt was made to select for rare capsule-specific phages amongst the others by successive absorption with acapsular host mutant organisms and by repropagation in the presence of dead K-bacteria.
For absorption, the acapsular bacterial growth from five 14-cm plates was washed with phosphatebuffered saline, mixed with 2 ml of enrichment suspension, and incubated for 3 hr at 37 C and then at 4 C over night. Since the medium had been previously exhausted by capsular bacteria (and their phageresistant mutants), bacteriophages adsorbing also to acapsular forms could adsorb but not multiply, whereas those specific for the capsules remained unadsorbed. The mixture was centrifuged and sterilized as above.
For repropagation, 1 ml of the supernatant fluid obtained, the chloroform-killed and thoroughly washed acapsular growth from three 14-cm plates, and about 107 capsular log-phase organisms were added to 10 ml of warm broth and incubated overnight. Again, bacteriophages adsorbing also to the acapsular host mutants could preferentially adsorb (to the dead organisms) but not multiply, whereas those specific for the capsules all were propagated. The mixture was centrifuged, sterilized, and tested for capsule phages (31) .
This procedure proved very successful, especially if absorption and repropagation were repeated several times, and it may well be applicable to the isolation of bacteriophages specific for different other bacterial surface structures as long as two bacterial strains are available which differ in this surface structure only.
Incidentally, the same procedure, using capsular instead of acapsular bacteria and vice versa, could be used to isolate bacteriophages specific for the acapsular forms, i.e., viruses, the receptors of which were STIRM AND FREUND-MOLBERT masked by the capsules. Also this may well be of more general applicability. Sera. Bacterial 0 sera were prepared as usual (18, 28) by using domestic strains of New Zealand White rabbits and boiled cultures.
For bacterial OK sera, a slight modification of the usual technique was used. The rabbits were given three intravenous injections of 2.5, 3 to 4, and 5 to 8 X 109 formalin-killed organisms at 5-day intervals and bled 5 to 6 days after the last injection.
For phage antisera, the animals were injected twice into the footpads with about 1011 or more plaqueforming units (PFU) with a 42-day interval between injections; they were bled 5 days after the last injection.
Electron microscopy. For electron microscopy, the phages were propagated on their host organisms in P medium, generally yielding titers of 1010 to 1011 PFU/ml. The lysates were centrifuged (20 min at 8,000 to 12,000 X g) to remove bacterial debris and concentrated 100-fold or more by vacuum dialysis. After another centrifugation, the concentrated lysates were placed on a discontinuous cesium chloride density gradient [in 0.1 M, pH 7.2, tris(hydroxymethyl)-aminomethane (Tris)-hydrochloride buffer] ranging from P25 = 1.14 to p2s = 1.55 g/ml, and ultracentrifuged for 30 min in a Spinco SW 39 swinging bucket rotor at 28,000 rev/min (about 65,000 X g). The phages formed a narrow band below the bacterial debris at ps = 1.45 to 1.51 g/ml. They were withdrawn with a syringe and dialyzed against 1% aqueous ammonium acetate, adjusted to pH 7. Generally, about 25% of the PFU were recovered from the concentrated lysates.
A drop of the phage suspension was placed on a grid coated with a defatted carbon-holey-film (5) , and the excess was withdrawn with a filter paper. A drop of the staining solution (either 2% phosphotungstic acid, 1% uranyl acetate, 1% uranyl formate, or 1% ammonium molybdate) was added, and the excess was withdrawn again. The wet grid was introduced into the electron microscope, a Siemens Elmiskop IA with a cooling chamber, point-filament, and double condenser. The initial magnifications were from 80,000 to 100,OOOX.
For a determination of the number of spikes, the Markham analysis (24) was used. It could only be applied to phages with a large base plate since the electron contrast proved too small in the other cases.
RESULTS
Characterization of newly isolated K phages. The newly isolated capsule phages 28-1, 28-2, 38, and Klebsiella 7 as well as the phages 29 and 31, previously isolated but not characterized (31), were tested for their K-phage properties as before. The results are given in Table 2 , and it can be seen that all viruses are adsorbed to and lyse only the 0-inagglutinable, capsular forms of their host organisms, whereas their spontaneous, O-agglutinable acapsular mutants (K-forms which also do not adsorb K antibodies from OK sera) are not affected. System Klebsiella 7, however, constitutes an exception insofar as some capsular colonies are found among phage-resistant secondary growth of the host strain. An analogous phenomenon has previously been described in the E. coli K phage 30 system (31). These bacterial mutants, which are capsular and yet K phage-resistant, adsorb Klebsiella phage 7 (although, with K = 8.9 X 10-10 ml/min, somewhat slower than the wild type) without being killed by it even at a MOI of about 100. Higher phage concentrations, however, affect their capsules, i.e., drops of concentrated (> 109 PFU/ml) phage suspensions form indentures on a mutant lawn, within which the organisms are transparent and O-agglutinable. As in the case of bacteriocin effects, dilution does not yield single plaques. In these cases, the infection appears to be blocked at some stage after capsule recognition.
System 38 also is an exception since the K38 strain frequently segregates transparent and O-agglutinable mutants, which are, however, all of intermediary encapsulation (18, 30, 38) , i.e., they carry some residual capsular material, since they do absorb K38 antibodies from an OK serum. Thus, in bacteriophage 38 at least, the amount of capsular material and not its presence alone seems to control whether the phage can adsorb. This situation is reminiscent of phage P22 and salmonellae with an 012-specific cell wall polysaccharide; in this system, a cell wall polysaccharide with more than one O-specific repeating unit is needed for virus attachment (9, 22) .
Host range and cross-adsorption. Host range and cross-adsorption of all capsule phages were tested within the set of bacterial hosts used. The results shown in Table 3 demonstrate that most phages are specific for their hosts and that this specificity is due to a lack of adsorption to the other organisms.
Two exceptions, however, occur. Phages 28-1 and 31 form plaques on the K32 strain with about the same efficiency of plaquing as on their respective hosts and, moreover, the rate of adsorption to K32 is as fast as it is to their respective hosts. Adsorption of phages 28-1 and 31 should thus be specific for other portions of the homologous capsular polysaccharides than are rabbit antibodies since no serological crossreactions are found between K28, K31, and K32
antigens of the strains used (38) .
It is also worth noting that strain H36 (K32 capsule) was found to contain a temperate phage forming plaques on A295b (with K42); the phage could be isolated from filtrates of H36 or of H36 and A295b mixed cultures.
Serological cross-neutralization of capsule E. COLI CAPSULE PHAGES. IL 107 >95 a Indicates number of plaques. Values beneath indicate per cent plaque-forming units adsorbed by 108 living bacteria from 104 PFU/ml broth after 9 min at 37 C. Includes reversibly adsorbed viruses since the mixture was centrifuged and filtered without previous dilution. Less than 15% adsorption is recorded as-.
b Neutralized by wild-type phage antiserum with comparable velocity also when propagated on this strain.
c Comparatively slow homologous adsorption (see Table 2 ).
d Strain H36 with K32 contains a temperate phage that forms plaques on E. coli A295b with K42.
e Relative efficiencies of plaquing found in Merck broth differed slightly from those obtained previously in another medium (31) . those seen on Vi phage I (1). Several such curly spikes can be linked to one point of origin. No tail fibers were detected.
(ii) Bradley group B. Again only one virus, viz. Klebsiella phage 7 (Fig. 3) , was found that belongs to this morphological group. Klebsiella phage 7 has an isometric head and a long, noncontractile tail linked directly to the head without a visible neck or collar. The tail shows about 36 cross-striations with a period of approximately 3.0 nm. Neither a base plate nor tail fibers were seen. The tail ends in about seven small spikes of 5.0 nm diameter which have the appearance of suckers. The tail structure of Klebsiella phage 7 is similar to that of Vi phage 11 (1, 20) and X (7).
(iii) Bradley group C. All other capsule phages examined were found to belong to group C, i.e., their tails consist of spikes only (again, no tail fibers were found), linked directly to the head or, occasionally, through a visible base plate. These phages are thus similar to P22 (13) . By the criterion of head size, they can be subdivided as follows.
Phages 26 and 28-2 have a head length and diameter of above 600 nm. As an example, phage 26 is shown in Fig. 4 . It has an isometric head and the tail consists of a base plate about 3.0 nm in width and 41.0 nm in length, carrying nine spikes of 12.0 to 14.0 nm length and 4.0 nm diameter. The number of spikes was determined by Markham analysis (Fig. 5; reference 24) . It is interesting to note that these two larger phages of group C also cross-react serologically (see above).
Phage 27 has a head length and diameter of above 50.0 nm. Fig. 6, 7 , and 8, respectively. The heads of these viruses are isometric; their tail appears to consist of spikes only, having a length of 12.0 to 14.0 nm. They have the appearance of hollow tubes with an inner diameter of 0.5 to 1.0 nm and seem to be linked directly to the head since no base plates are visible. An exact enumeration of the spikes by a Markham analysis was not possible due to a lack of electron contrast, but their number could be estimated to be above 5. Phages 39 and 42, which also cross-react weakly in serological neutralization tests (see above), both belong to this morphological subgroup.
The morphological data of the capsule phages are summarized in Table 5 . E. coli phages 7 and 27 which were isolated after the others and are not as fully characterized as these do not appear in the previous tables.
DISCUSSION
The data presented demonstrate that E. coli capsule phages are specific for the capsular polysaccharides which surround their host organisms . Fig. 4) Table  6 . It is interesting to note that E. coli K7 polysaccharide contains 2-amino-2-deoxy-mannuronic acid, a fact which constitutes another similarity to the Vi system (see below). Even in the most thoroughly analyzed cases, however, some details of capsule structure are as yet more or less unresolved.
Thus, the E. coli capsules analyzed were generally found to consist of polysaccharide subunits cross-connected by alkali-labile linkages (12, 
